Abstract: The aim of this study was to examine the association between sex-specific serum uric acid (sUA) levels and NAFLD in a large population-based study.
INTRODUCTION
N on-alcoholic fatty liver disease (NAFLD) is the result of hepatic fat accumulation in patients without excessive alcohol intake or other causes of liver disease. 1, 2 It is commonly associated with obesity, insulin resistance, hypertension, and dyslipidemia, which are comorbidities closely related to a cluster of metabolic disorders. 3, 4 NAFLD is the most common form of chronic liver disease and affects 24% to 42% of the general population in Western countries and 5% to 42% in Asian countries. [5] [6] [7] [8] Patients with NAFLD have a markedly higher risk of death compared with the general population. 9, 10 Therefore, identifying potential risk factors is essential for the prevention of NAFLD.
Serum uric acid (sUA) is the major end product of purine metabolism. It has been shown to be an independent predictor of outcome in the general population and in patients with metabolic syndrome, type-2 diabetes mellitus, atherosclerosis, and gout. 11, 12 There is an increasing body of evidence, which suggests that sUA levels are associated with the development or progression of NAFLD and even a normal sUA level is independently associated with the presence of NAFLD. [13] [14] [15] [16] However, some studies found that this association was not statistically significant. 17, 18 An apparently conflicting conclusion from these studies may be as a result of small sample sizes and differences in patient demographics.
Males and females have different sUA levels at all ages, 19 sUA levels are higher in males than in age-matched females, a finding that has been related to the fact that estrogens are uricosuric. 20, 21 sUA plays a sex-specific causal role in development of metabolic syndrome-related diseases. Compared with males, the impact of hyperuricemia in cardiovascular or renal outcomes is generally associated with a worse prognosis in women. 19, 22, 23 However, little is known regarding the association between sex-specific sUA levels and NAFLD.
In this study, we conducted our analyses from 2 large populations from the southeast of China who consume a ricebased diet to examine the relationship between sex-specific sUA levels and NAFLD.
MATERIALS AND METHODS

Study Design
To identify whether sUA may play a sex-specific causal role in the development of NAFLD, subjects from 2 separate medical centers were included: a cross-sectional population and a longitudinal population. The cross-sectional population consisted of 58849 individuals who underwent a health examination in the First Affiliated Hospital of Wenzhou Medical University, from January 2007 to December 2009. The longitudinal population was based on a prospective study and was conducted from 14734 initially fatty liver disease-free individuals who underwent an annual health screen in the Xinyu People's Hospital of Jiangxi Province. The tests used during the follow-up were the same as were used in the first health examination. The study period was initiated in January 2010 and concluded in June 2013.
Verbal informed consent was obtained from each subject before participation in the study after all procedures had been explained. The research protocol of the study was approved by the Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University and Xinyu People's Hospital of Jiangxi Province, respectively.
Diagnostic Criteria
A diagnosis of NAFLD was made in reference to Guidelines for the assessment and management of NAFLD in the Asia-Pacific region. 24 In general, NAFLD can be diagnosed as follows: the histological or imaging findings are in accord with the diagnostic criteria of fatty liver disease; there is no history of alcohol drinking habit or the ethanol intake <140 g/week for men and 70 g/week for women; and specific diseases that could lead to steatosis, such as viral hepatitis, drug-induced liver disease, and autoimmune liver disease, should be excluded. In this study, fatty liver is defined by the presence of at least 2 of 3 abnormal findings on abdominal ultrasonography: diffusely increased echogenicity (''bright'') liver with liver echogenicity greater than kidney or spleen, vascular blurring, and deep attenuation of ultrasound signal. The ultrasound was assessed by 2 experienced imaging specialists who were blinded to the examinee history and the study during the ultrasonic examination. A third imaging specialist was invited if the diagnoses made by the 2 imaging specialists were not in agreement or inconclusive.
Metabolic syndrome was defined by the presence of !3 of the following risk factors: 7 
Exclusion Criteria
Subjects meeting the following criteria were excluded: age <18 years or >65 years; alcohol consumption >140 g/week for men and 70 g/week for women; those taking antihypertensive or anti-diabetic agents, lipid-lowering, or hypouricemic agents; any other known potential causes of chronic liver disease such as viral or autoimmune hepatitis and those using hepatotoxic medications; subjects with history of cancer, respiratory, renal, or hepatobiliary disease, gout, and other rheumatologic diseases; subjects who lost to follow-up.
Clinical Examination
Clinical examination and data recording were conducted in the morning after an overnight fast and subjects were also instructed to refrain from exercise during the day before their examination. Medical history and a health habit inventory were taken by a physician.
Standing height and body weight were measured without shoes or thick clothing. Body mass index (BMI, kg/m 2 ), used as an index of body fat, was calculated as weight in kilograms divided by height in meters squared. Blood pressure, including systolic blood pressure (SBP) and diastolic blood pressure (DBP), was measured using an automated sphygmomanometer with the subject in a quite environment and in a sitting position.
Laboratory Examination
Fasting blood samples were obtained from each subject and were used for the analysis of biochemical measurements. The measurements included serum uric acid (sUA), fasting plasma glucose (FPG), albumin (ALB), alanine aminotransferase (ALT), aspartate aminotranferase (AST), blood urea nitrogen (BUN), creatinine (Cr), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and lowdensity lipoprotein cholesterol (LDL-C). All factors were measured by an immunochemical automated analyzer (Abbott AxSYM) using standard methods. Hepatitis B virus serologic markers were collected for each patient (Abbott AxSYM). Hepatitis C virus antibody and human immunodeficiency virus antibody were detected using ELISA (IEGAN, Freedom evolyzer/150). Antinuclear antibody (ANA) was evaluated using indirect immunofluorescence. Soluble liver antigen/liver pancreas antigen (SLA/LP), anti-liver/kidney microsomal antibody Type 1 (anti-LKM-1) and anti-liver cytosol antibody Type 1 (anti-LC-1) were evaluated using immunoblot analysis (Euroimmun, Lubeck, Germany)
Statistical Analysis
Due to the sUA concentration differing significantly by gender, data was presented according to sex-specific quartiles statistically. Quartiles in the cross-sectional population were In the cross-sectional population, the odds ratios (ORs) and 95% confidence intervals (CIs) for NAFLD were calculated after adjusting for known confounding variables across each quartile of sUA concentration using multivariate logistic regression analysis. In the subgroup analysis, 95% CI was used to compare the statistical difference of ORs in the different sexes. Hazard ratios (HRs) based on Cox's proportional hazards regression were determined in the longitudinal population analysis. Kaplan-Meier analysis was applied to calculate the cumulative hazard of NAFLD during the follow-up, stratified by sex-specific quartiles of sUA. Multivariable models were used to adjust the confounding variables. Model 1 was a univariate analysis for sUA. Model 2 was adjusted for clinical parameters: age, sex, BMI, and SBP. Model 3 was adjusted for all confounding variables included in this study: age, sex, BMI, SBP, GPF, ALB, ALT, AST, BUN, Cr, TC, TG, HDL-C, LDL-C.
Continuous variables were summarized as mean AE standard deviation (SD), and categorical variables were displayed as counts or percentages (%). The characteristics of the study population according to sUA quartiles were compared using a 1-way analysis of variance (ANOVA) or KruskalWallis test for continuous variables and x 2 test for categorical variables. All P values are 2-sided and a P value of <0.05 was considered statistically significant. Analyses were performed in SPSS version 20.0 (SPSS, Chicago, IL) and MedCalc version 12.7 (MedCalc Software, Ostend, Belgium).
RESULTS
Subject Characteristics
A total of 73,583 subjects who underwent annual health examination in the First Affiliated Hospital of Wenzhou Medical University and the Xinyu People's Hospital of Jiangxi Province were initially enrolled into the study. After exclusion of those individuals who did not meet the inclusion criteria ( Fig. 1) , 60,455 subjects remained for study. In the crosssectional population, 49,092 eligible subjects were enrolled, including 26,682 males and 22,410 females, with a mean age of 42.7 AE 10.3 years and 41.7 AE 10.3 years, respectively. Table 1 shows the characteristics of study subjects according to their quartile measurements of sUA. Subjects with higher sUA concentrations exhibited higher prevalence of NAFLD. BMI, SBP, DBP, FPG, ALT, AST, BUN, Cr, TC, TG, LDL-C were significantly higher, whereas HDL-C was lower, among subjects with higher sUA levels. A total of 11,363 eligible subjects were enrolled in the longitudinal population, including 4851 males and 6512 females, with a mean age of 43.5 AE 13.2 years and 39.1 AE 11.6 years, respectively. The median follow-up time was 23.6 months. A similar change in the measured clinical characteristics was observed in this population. Details of the subjects according to quartile of sUA are presented in Table 2 . Higher sUA Level Related to Higher Prevalence of NAFLD As shown in Table 1 , the prevalence of NAFLD from Q1 to Q4 were 23.2%, 29.0%, 37.5%, and 49.8% in males and 2.6%, 3.8%, 6.1%, and 12.5% in females, respectively. To gain a deeper understanding of the relationship between sUA level and the prevalence of NAFLD, the ORs for NAFLD were calculated after adjusting for confounding variables. In model 1, compared with the subjects in Q1, the ORs for the subjects in Q2, Q3, and Q4 were 1.279 (95% CI 1.193-1.372), 1.882 (95% CI 1.762-2.011), and 2.962 (95% CI 2.781-3.155), respectively (all P values <0.001). Adjustment for age, sex, BMI, and SBP (model 2) substantially attenuated the magnitude of the ORs for NAFLD by approximately 2.3-folds when comparing the fourth with the first quartile of sUA level. Furthermore, the ORs for NAFLD were 1.221 (95%CI 1.1109-1.322), 1.519 (95% CI 1.395-1.654), and 1.903 (95% CI 1.748-2.072) for Q2, Q3, and Q4, respectively, in the fully adjusted model (Model 3). These results suggest that the subjects with higher sUA levels are more likely to develop NAFLD than individuals with lower sUA levels. Figure 2 shows the ORs for NAFLD of Q2, Q3, and Q4 using the Q1 as the reference. A stratified analysis for risk factors of metabolic syndrome showed a successive increase in ORs for both males and females. Subjects had a significantly higher OR Q4 vs. Q1 in females than in males in subgroups wherein BMI <25 kg/m 2 , HDL-C !1.03 mmol/L (male) or !1.3 mmol/L (female), BP <130/85 mmHg, and FPG !5.6 mmol/L, after adjusting for all confounding variables, indicating a stronger association between sUA and NAFLD in females. Although association between NAFLD and sUA were similar in both sexes in other subgroups, numerically higher ORs were observed in females.
Risk Factor Analysis for NAFLD in the Longitudinal Population
To identify whether sUA plays a sex-specific causal role in incidence of NAFLD, Cox proportional hazards regression and cumulative hazard functional analyses were performed. The HRs for incidence of NAFLD substantially increased with increasing concentrations of sUA. As shown in Table 3 , compared with subjects in the lowest sUA quartile (Model 1), those subjects in the highest quartile had an HR of 2.851 (95% CI 2.380-3.415). Furthermore, in Model 2, adjusted for age, sex, BMI, and SBP, sUA levels in Q4 showed a attenuated HR of Figure 3 shows the cumulative hazard rate of NAFLD in the longitudinal population, stratified by sex-specific quartiles of sUA. The median follow-up of the entire cohort of subjects was 23.6 months (range 3-39 months). Details on the correlation of quartiles of SUA with incident of NAFLD are shown in Figure 3 . At the time of the last follow-up, the actuarial incidence of NAFLD from Q1 to Q4 were 11.9%, 13.7%, FIGURE 2. Forest plots of odds ratios (ORs) (95% confidence interval [CI]) for quartiles of serum uric acid in the cross-sectional population, stratified by sex. (A) male, (B) female. Confounding variables contained age, body mass index, systolic blood pressure, fasting plasma glucose, albumin, alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen, creatinine, total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol.
17.1%, and 21.8% in males and 2.9%, 4.8%, 8.2%, and 13.1% in females, respectively. Males had a higher incidence of NAFLD; however, the sUA level appeared to play a more crucial role on the development of NAFLD in females by a factor of 4.5-fold actuarial incidence enhancement (Q4 vs Q1), when compared with a 1.8-fold enhancement (Q4 vs Q1) in males.
Sex-Specific Analysis for the Risk of NAFLD
In the next part of our study, we wished to determine whether the sUA quartile categorization could be applied to predict the incidence of NAFLD in a sex-specific manner. We also duplicated our analysis among the male and female subgroups. Interestingly, our results show that the OR increased more markedly in females. As described in Figure 4 A and B-in the cross-sectional population and when compared with the lowest sUA quartile (reference group), females with the highest quartile had an OR of 5.275 (95% CI 4.397-6.329), higher than that of 3.281 (95% CI 3.047-3.532) in males. After adjustment for BMI, SBP, FPG, ALT, AST, BUN, Cr, TC, TG, HDL-C, and LDL-C, the adjusted ORs for the highest versus the lowest quartile were 2.898 (95% CI 2.36-3.588) in females and 1.887 (95% CI 1.718-2.072) in males. Our assessment of the sexspecific association between quartiles of sUA and risk of NAFLD in the longitudinal population, as shown in Figure 4C and 4D, demonstrated a similar variation tendency of HR in both males and females.
DISCUSSION
To our knowledge, this is the first and largest study specifically aimed at evaluating the association between sexspecific sUA levels and NAFLD in a nationally representative sample of Chinese adults. In this study, we have presented data categorized according to sex-specific quartiles and we show significant sex difference in the distribution of sUA. [19] [20] [21] The cross-sectional population that included 49,092 subjects showed that the prevalence of NAFLD was increased at higher sUA levels. To identify whether sUA is a risk factor actively Model 1 is univariate analysis for serum uric acid. Model 2 is adjusted for sex, age, body mass index, systolic blood pressure. Model 3 is adjusted for sex, age, body mass index, systolic blood pressure, fasting plasma glucose, albumin, alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen, creatinine, total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol. Sex-specific quartiles of serum uric acid in male: Q1 (À330), Q2 (331-380), Q3 (381-435), Q4 (436-); in female: Q1 (À230), Q2 (231-270), Q3 (271-310), Q4 (311-). involved in the development of NAFLD, we performed a prospective longitudinal population analysis that included 11,363 subjects who were initially NAFLD-free. We demonstrate that the elevation of sUA appears to make a significant contribution to an increased risk of developing NAFLD. Our results are in agreement with previous studies [13] [14] [15] [16] 25 ; however, in those studies, sex difference was not fully considered. Our study shows that these associations between sUA levels and NAFLD may be applied to both males and females through sexspecific multivariate regression analysis. We demonstrated that an increase in the sUA level may be associated with a higher additional risk for NAFLD in females rather than in males.
One possible explanation for this relationship may be that the observations are simply confounded by a shared background of metabolic syndrome. 16 Previous studies have shown that hyperinsulinemia may induce hyperuricemia by decreasing urinary excretion of uric acid and that hyperuricemia can result from the oxidative stress manifest in metabolic syndrome [25] [26] [27] As NAFLD is a condition closely related to metabolic syndrome, it may partially explain why elevation of sUA appears to significantly increase the risk of NAFLD.
However, a significantly strong association between sUA levels and NAFLD was still observed after adjusting for the features of metabolic syndrome and other known confounding variables. The strong relationship between increased sUA levels and NAFLD raises the possibility that sUA overload might play some pathogenic role in the development of NAFLD. Yet, multiple studies have shown that sUA can act as a pro-oxidant and/or pro-inflammatory both in adipose tissue and in animal and cell culture models. 28, 29 An experimental study showed that sUA can induce inflammatory pathways, with activation of activator protein-1 and increased expression of cyclooxygenase-2 and monocyte chemoattractant protein-1 30 and this finding has been confirmed in a clinical research study, which included 957 subjects from Italy. 31 A study showed that treatment with uric acid (UA) in obese ob/ob mice may lead to a nearly complete resolution of fatty liver, indicating that downregulation of UA may play a protective role in NAFLD. 32 Recently, Lanaspa et al 33 presented the novel finding that sUA can directly stimulate hepatic fat accumulation and identified a mechanism that may involve the translocation of NADPH oxidase to the mitochondria with subsequent inactivation of aconitase, accumulation of citrate, and stimulation of fat synthesis. However, further studies investigating the role of sUA in NAFLD are required.
As previously known, hyperuricemia and gout affects males more commonly than females and there is a difference in UA levels of between 30-120 mmol/L between adult males and females. 19, 21 However, it was observed in our study that the relationship for prevalence and incidence of NAFLD in females with hyperuricemia was significantly greater than in males, after adjustment for known confounding variables. Previous studies have shown a significant association between baseline sUA and cardiovascular events in females, but not in males. 22, 34, 35 Even though this differential effect appears a consistent finding across both sexes, it remains challenging to explain the underlying mechanism that may account for the sex difference in the results from our study. As NAFLD is a condition closely related to metabolic syndrome, a prospective study that may demonstrate a greater impact of hyperuricemia on the risk of metabolic syndrome in females versus males may support our observation. 36 Hormonal differences may underlie FIGURE 4. Unadjusted and adjusted odds ratios (ORs) and hazard ratios (HRs) for nonalcoholic fatty liver disease (NAFLD). Panels A and C showed the OR and HR of serum uric acid for NAFLD in the cross-sectional population and longitudinal population, respectively. Panels B and D showed the OR and HR of serum uric acid for NAFLD in the cross-sectional population and longitudinal population, respectively, adjusted for age, body mass index, systolic blood pressure, fasting plasma glucose, albumin, alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen, creatinine, total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol.
any potential biochemical mechanism; however, this concept requires further investigation in the appropriate animal and cell culture models. 19, 22 Some limitations of our study merit comment. The main limitation is the lack of anthropometric parameters regarding central obesity (ie, waist/hip ratio), lifestyle, and dietary factors, which may be helpful to better understand the relationship between NAFLD and sUA levels. Further studies including more complete personal information were required. Secondly, the diagnosis of NAFLD was based on ultrasonography, with lower sensitivity and specificity versus liver biopsy. However, liver ultrasonography is widely used in epidemiological surveys of NAFLD, and several strengths of this technique include the non-invasive nature of the test and its safety, economical, and practical utility.
In conclusion, we have clearly demonstrated that sUA is a significant factor associated with the prevalence and development of NAFLD in our analyses in both a cross-sectional and longitudinal population. sUA levels appear to play a more crucial role on the prevalence and incidence of NAFLD in females than in males. Thus, sUA evaluation and control should be an integral component of clinical management of the general population, especially in females.
